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Abstract 

We  found  anomalous  behaviors  during  lithium  electrochemical  intercalation  into  graphite  in  the  entropy  curve  and  the  crystal  structure, 
especially,  during  the  stages  from  2  to  1  transition  at  x  =  0.5  in  LixC6.  The  entropy  first  decreases  monotonously,  then  re-increased  sharply  at 
the  transition.  The  average  interlayer  spacing  displays  a  hysteresis  during  intercalation  and  de-intercalation  and  departs  from  linearity.  The 
results  are  discussed  in  relation  with  a  contribution  of  the  vibrational  entropy  and  possible  occurrence  of  intermediary  phase(s)  between  the 
two  lithium-rich  intercalation  stages. 
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1.  Introduction 

The  chemistry  of  lithium-ion  batteries  is  based  on  the 
lithium-ion  shuttling  between  the  graphite  negative  electrode 
and  the  transition  metal(s)  oxide  positive  electrode.  The  over¬ 
all  reaction  can  be  schematized  as: 

UXC6  +  LiyM02  6C  +  Li>;+XM02  (1) 

Due  to  differences  in  the  chemical  potential  of  lithium  in  the 
LixCs  and  Liy+AM02  materials,  the  operating  voltage  of  the 
battery  is  a  high  4  V. 

The  lithiated  graphite  electrode  has  many  attractive  fea¬ 
tures  that  have  made  it  the  best  choice  for  negative  electrode 
in  commercial  batteries.  These  include  high  mass  and  vol¬ 
ume  capacity,  low  operating  voltage,  long  cycle  life  and  good 
safety.  From  the  crystal  chemistry  point  of  view,  lithiation  of 
graphite  undergoes  a  characteristic  series  of  phase  transitions 
called  stages.  In  graphite-intercalation  compounds  (GICs),  an 
intercalation  stage  describes  the  2D  stacking  sequence  of  the 
lithium  layers  between  the  graphene  layers.  The  stage  num¬ 
ber  is  the  number  of  periodically  stacked  graphene  layers 
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between  two  adjacent  intercalated  layers.  Starting  from  pure 
graphite,  successive  stages  are  formed  as  the  lithium  concen¬ 
tration  increases.  One  way  to  intercalate  lithium  into  graphite 
is  by  electrochemical  cathodic  polarization  of  a  graphite  elec¬ 
trode  in  a  Li  organic  liquid  or  solid-state  polymer  electrolyte 
cell.  Based  on  in  situ  and  ex  situ  X-ray  diffractometry,  the 
stages  that  form  as  the  lithium  concentration  increases  are: 
dilute  stage  1,  stages  4  and  3,  liquid-type  stage  2  and  stages  2 
and  1  [1-4].  The  composition-induced  stage  transitions  occur 
at  relatively  well-defined  V  values  around  0.05,  0.13,  0.18, 
0.25  and  0.5,  respectively.  In  dilute  stage  1,  lithium  is  ran¬ 
domly  distributed  between  the  graphene  layers,  which  causes 
a  slight  shift  of  the  (0  0  2)  main  peak  of  hexagonal  graphite  to 
lower  diffraction  angles.  Liquid-type  stage  2  has  lithium  in 
every  other  layer,  with  no  long-range  in-plane  ordering.  This 
contrasts  with  the  stage  2  compound  of  nominal  composi¬ 
tion  Lio.5C6  (LiCi2)  in  which  the  lithium  forms  an  ordered 
array  with  the  characteristic  hexal  structure  [5].  The  same 
hexal  structure  occurs  in  stage  1  LiC6  in  which  lithium 
occupies  each  van  der  Waals  gap  between  the  graphene 
sheets. 

Fig.  1  shows  typical  lithiation/de-lithiation  voltage  pro¬ 
file  curves  obtained  with  graphite  under  a  low  galvanos- 
tatic  cycling  regime  (i.e.  C/100  rate)  [6].  It  shows  plateaus 
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Fig.  1.  Voltage  vs.  composition  curves  during  the  graphite  electrode  lithia- 
tion  and  de-lithiation  at  C/100  rate  after  Ref.  [6]. 
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and  semi-plateaus  corresponding  to  the  stage  transitions 
described  above.  A  flat  plateau  is  the  signature  of  a  two- 
phase  system  as  in  the  case  in  the  composition  range  of 
0.5oc<l.  It  has  been  well-accepted  that  the  plateau  is 
related  to  a  two-phase  system  that  is  a  mixture  of  stage  2 
LiCi2  and  stage  1  LiC6  phases  following  the  equilibrium 
reaction: 

LiCi2  +  yLi  2y  LiCe  +  (1  -  y)  LiCi2  (2) 

According  to  Eq.  (2),  the  fraction  of  each  phase  should  vary 
linearly  with  lithium-intercalated  beyond  LiCi2. 

In  this  paper,  we  present  results  from  independent  studies 
on  the  stages  from  2  to  1  transition  area  that  shows  some 
unexpected  features  (anomalies).  The  results  are  obtained  by 
entropy  measurements  (AS(x))  and  in  situ  X-ray  diffractom- 
etry  (XRD).  The  aim  is  to  understand  the  mechanism  of  stage 
transition  dealing  with  the  observed  anomalies. 


2.  Experiments  and  results 


2.7.  The  entropy  anomaly 


Coin-type  half  cells  with  metallic  lithium  as  the  counter 
(and  reference)  electrode  and  natural  graphite  as  the  working 
electrode  were  used  for  the  electrochemical  study.  The  elec¬ 
trolyte  consisted  of  a  molar  solution  of  LiPF6  in  equivolumic 
mixture  of  ethylene  carbonate  (EC)  and  dimethyl  carbonate 
(DMC)  [5].  The  cell  was  cycled  several  times  between  1.5 
and  0  V. 

We  used  the  temperature  dependence  of  the  open-circuit 
voltage  (OCV)  at  constant  composition  v  in  LixC6  to  measure 
the  entropy  variation  AS(x)  expressed  by: 


A  S(x)  =  F 


d  (ocv  (*)) 
df 


A  program  controlled  an  Agilent  3633  power  supply, 
which  provided  current  to  a  Peltier  plate  in  order  to  make  the 


Fig.  2.  The  entropy  of  lithium-intercalation  into  natural  graphite.  The  dashed 
lines  delimit  pure  dilute  stages  1,  IV,  II  L  and  II. 


temperature  steps.  The  program  also  controlled  the  acquisi¬ 
tion  of  the  open  circuit  voltage  along  with  the  temperature.  An 
Agilent  34,970,  6.5-digit  multimeter  accurate  to  10  jjlV  was 
used  for  that  purpose.  Two  RTD  elements  accurate  to  0.1  °C 
were  attached  to  the  plate  and  the  cells  to  monitor  their  tem¬ 
peratures.  A  four-channel  Arbin  BT4+  discharged  the  test 
cells  to  a  chosen  composition,  which  were  then  allowed  to 
equilibrate  for  8  h  before  temperature  cycle  being  automati¬ 
cally  launched.  The  temperature  range  used  during  this  cycle 
varied  from  room  temperature  to  12°C,  in2°C  steps.  In  this 
range,  self-discharge  is  very  low  and  can  be  neglected  dur¬ 
ing  measurement  time  [7] .  However,  even  after  8  h  rest,  some 
potential  drift  of  the  order  of  100  jxV  during  the  2  h  tempera¬ 
ture  cycles  still  occured  and  was  substracted  by  the  program 
from  the  experimental  data  to  be  as  close  as  possible  to  the 
thermodynamic  equilibrium. 

Fig.  2  shows  the  entropy  curve  obtained  during  the  lithi- 
ation  process.  Starting  from  a  high  and  positive  value  of 
60J(molK)_1  at  v~0,  AS(v)  decreases  steadily,  changes 
in  sign  and  makes  a  first  plateau  between  v  =  0.25  and  0.5. 
It  reaches  a  local  minimum  of  about  —  15J(molK)_1  at 
0.45  <  v  <  0.5.  Then,  A S(x)  suddenly  increases  at  x  ~  0.5  and 
takes  a  positive  value;  then,  it  makes  a  slowly  decreasing 
plateau  before  dropping  sharply  in  the  jc  =  0.95—1  composi¬ 
tion  range. 

2.2.  The  crystal  structure  anomaly 

In  situ  X-ray  diffraction  was  performed  on  a  coin-type 
cell  with  a  4  mm  x  6  mm  Kapton  window  coated  with  con¬ 
ductive  thin  copper  layer.  The  electrolyte  consisted  of  a  molar 
solution  ofLiPF6  in  equivolumic  mixture  of  ethylene  carbon¬ 
ate  and  dimethyl  carbonate  [5].  The  graphite  electrode  was 
pressed  against  the  Kapton  window  so  as  to  be  reached  by 
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Fig.  3.  XRD  (w/C u  Ka)  spectra  during:  (a)  lithiation  and  (b)  de-lithiation  cycle  of  graphite  under  C/20  rate.  The  spectra  were  taken  for  5  min  after  each  hour 
charge  or  discharge. 


the  X-ray  beam.  After  several  lithiation/de-lithiation  cycles 
under  a  C/10  rate  between  1.5  and  0  V,  the  cell  was  fully  de- 
lithiated  up  to  1.5  V.  The  cycle  capacity  achieved  with  the 
graphite  electrode  is  about  360  mAh  g-1.  The  cell  was  then 
re-lithiated  under  a  slower  rate  of  C/20.  XRD  patterns  were 
taken  for  about  5  min  every  hour  while  the  cell  is  under  con¬ 
tinuous  discharge.  As  a  result,  the  lithium  composition  v  in 
LixC6  was  incremented  by  0.05  between  two  successive  XRD 
scans. 

Fig.  3  shows  the  evolution  of  the  XRD  spectra  during  the 
discharge  (lithiation,  Fig.  3a)  and  the  charge  (Fig.  3b).  The 
diffraction  angle  area  shown  is  around  the  strongest  peaks 
(i.e.  the  0  0  2  of  graphite  and  stage  2  and  the  0  0  1  of  stage 
1).  Starting  from  fully  de-lithiated  graphite  with  002  peak 

o 

at  around  26.6°  (J002  =  3.35  A,  Cu  Ka  radiation),  the  peak 
shifted  continuously  to  lower  angles  until  it  reached  about 
25.2°  at  x  =  0.33.  This  angle  is  the  one  of  the  00  2  stage 
2  compound.  During  this  shift,  the  peak  broadens  in  two 
regions,  indicating  a  partial  phase  separation  of  the  dilute 
stages  1-4  transition  and  stage  4  to  liquid-type  stage  2.  The 
peak  broadening  occurs  around  20  =  26°  and  25.5°,  respec¬ 


tively.  However,  the  discharge  rate  was  certainly  too  fast 
in  this  experiment  to  clearly  distinguish  two  peaks  in  these 
domains. 

The  angular  position  of  the  peak  then  remained  almost 
unchanged.  No  other  peak  appeared  in  the  0.5  <  v<  0.7  com¬ 
position  domain,  where  stage  1  is  expected  to  form  according 
to  the  stages  from  2  to  1  two-phase  model.  Such  a  model  has 
been  widely  used  in  the  literature  to  explain  the  flat  volt¬ 
age  plateau  in  the  0.5  <  v<  1  composition  range.  It  was  only 
after  x>0.7  that  a  new  peak  at  20^24°  could  be  notice¬ 
able.  The  latter  is  the  001  peak  of  stage  1  corresponding  to 

o 

Jo o  l  -  3.7 1  A.  As  v  increased  from  0.7  to  1 ,  the  002  peak  of 
stage  2  decreased  in  intensity  while  the  001  peak  of  stage  1 
increased. 

During  lithium  de-intercalation,  the  peaks  intensities  var¬ 
ied  in  opposite  direction.  However,  the  decrease  rate  of  the 
001  peak  is  lower  at  the  beginning  of  this  process  than 
its  increase  rate  during  intercalation.  In  order  to  illustrate 
this  hysteretic  behavior,  we  calculated  the  average  interlayer 
spacing  (d(x))  based  on  the  integrated  0  0  s  peak  intensities 
of  stage  s.  for  pure  graphite,  we  took  the  00  2  peak  intensity. 
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Fig.  4.  Composition  dependence  of  the  average  graphene  interlayer  spacing 
during  the  lithium-intercalation  and  de-intercalation. 


Taking  a(s)  the  fraction  of  stage  s  in  the  mixture,  (d(x))  is 
given  by: 


3.71  +  3.36(5-1) 

(d<X»  =  V+ 

s 

s 

(4) 

&  = 1 

(5) 

Fig.  4  displays  the  composition  dependence  of  (d(x))  during 
intercalation  and  de-intercalation.  This  curve  seems  to  feature 
four  distinguishable  domains: 

(1)  0<v<0.15,  where  (d(v))  varies  linearly  with  almost  no 
hysteresis; 


(2)  0.16  <v<  0.33:  a  small  hysteresis  appears  with  (d(x)) 
is  slightly  higher  during  intercalation  than  de-intercala¬ 
tion; 

o 

(3)  0.33  <v<0.5:  (d(x))  is  almost  constant  around  3.51  A; 

(4)  0.5  <  v  <  1 :  strong  hysteresis,  where  (d(x))  is  lower  during 
intercalation  than  during  de-intercalation. 


3.  Discussion 

We  attributed  the  sudden  increase  in  entropy  at  0.5, 
where  stage  1  should  begin  to  form  two  combined  contri¬ 
butions  from  configurational  and  vibrational  entropy  [8]. 
Configurational  entropy  goes  with  in-plane  or  the  out-of¬ 
plane  lithium  vacancy  ‘disorder’ .  This  translates  into  either 
the  formation  of  lower  Li  density  layers  or  the  presence 
of  Li  stacking  faults.  Indeed  a  possible  mechanism  of  the 
stage  1  phase  formation  may  involve  a  ‘dilute  lithium  layer’ 
(noted  dil-Li)  in  similar  way  than  in  dilute  stage  1  that  forms 
at  early  stages  of  the  graphite  lithiation.  Such  a  compound 
would  have  alternating  ‘normal’  Li  layer  (Li)  with  the  hexal 
structure  and  a  dilute  lithium  layer  following  the  sequence 
(Li)-G-(dil-Li)-G.  Fig.  5  illustrates  the  structure  of  such 
pseudo  stage  1  compound.  Another  source  of  disorder  is  the 
formation  of  “fractionary”  stages,  such  as  stages  3/2  and  4/3 
[9].  The  latter  have  the  following  stacking:  (Li)-G-(Li)-G-G 
and  (Li)-G-(Li)-G-G-(Li)-G,  respectively.  Fig.  5  illustrates 
the  fractionary  stages  as  possible  path  during  the  formation  of 
stage  1 ,  the  other  path  involves  the  pseudo  stage  1  formation. 
A  combination  of  fractionary  stages  may  also  be  considered 
to  deal  with  the  lithium  layers  stacking  disorder  during  the 
early  formation  of  stage  1 .  The  most  likely  fractionary  stages 
are  the  ;  n  >  1  stages,  which  consist  of  a  periodic  stack¬ 
ing  of  n  lithium  layers  separated  by  n  +  1  carbon  layers.  In 


Stage 


4 

3 


Stage  1 


Fig.  5.  Possible  paths  of  intermediary  phases  between  stages  2  and  1. 
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Fig.  6.  Schematic  representation  of:  (a)  the  stage  2^  stage  1  transition  through  superdense  stage  2  compound,  such  as  Lii.5Ci2  (or  Lio.7sC6)  and  (b)  stage 
1  — >  stage  2  transition  involving  dilute  stage  1  compound. 


such  a  phase,  the  periodicity  along  the  c-axis  is: 
c  =  3.35  +  ^3.71  (A)  (6) 


The  strongest  X-ray  diffraction  line  is  then  the  (0  0  n  +  1)  line, 
with  corresponding  reticular  distance  d( oon+i)  of: 


3.35  T  3.7 1  vi 

^(00n+l)  =  - — - 

n  +  1 

and  Bragg  diffraction  angle  20  of: 


20  =  2  Arc  sin 


(n  +  1)A 
2(3.35  +  3.1  In) 


(7) 

(8) 


The  Bragg  diffraction  angle  20  is  a  decreasing  function 
of  n  and  varies  between  20  ~  25.2°  and  ~24°  corresponding 
to  the  pure  stage  2  (n=  1)  and  pure  stage  1  (n  =  o o),  respec¬ 
tively.  We  did  not  observe  any  continuous  shift  of  the  002 
peak  of  stage  2  towards  lower  angles  nor  the  appearance  of  the 
001  peak  of  stage  1  in  the  0.5  <x<  ~0.7  composition  range. 
Although  we  reported  on  the  existence  of  lithium  composi¬ 
tion  gradient  within  the  electrode,  which  makes  the  sample 
area  observed  by  X-ray  appear  richer  in  the  stage  2  phase 
[10],  the  composition  range  of  Ax  ~  0.2,  where  stage  1  com¬ 
pound  is  not  observed  is  rather  large.  This  strongly  suggests 
that  additional  lithium  may  at  first  intercalate  in  the  lithium- 
filled  layer  rather  than  in  the  adjacent  empty  layer  in  stage 
2.  In  this  case,  denser  lithium  layer  with  Li2  pairs  may  form, 
which  preserves  the  stage  2  structure.  Superdense  stage  2 
domains  may  act  as  a  nucleation  phase  in  the  kinetics  pro¬ 
cess  of  stage  1  formation,  a  mechanism  of  which  is  illustrated 
in  Fig.  6a. 

The  hysteresis  in  the  average  interlayer  spacing  in  the 
0.5<x<l  composition  range  during  intercalation  and  de¬ 
intercalation  in  Fig.  4  suggests  that  different  crystallographic 
paths  are  followed  during  intercalation  and  de-intercalation. 
As  in  the  latter,  the  interlayer  spacing  is  higher  than  in  the 
former,  it  is  very  likely  that  starting  from  LiC6,  lithium  is 
de-intercalated  from  each  equivalent  layer,  which  preserves 
the  stage  1  stacking  sequence  as  sketched  in  Fig.  6b.  This 


implies  that  at  the  early  stage  of  de-intercalation,  the  lithium 
layers  have  cation  vacancies,  which  may  be  a  ‘mirror  phase’ 
to  dilute  stage  1  formed  at  early  steps  of  intercalation.  Li 
vacancies  would  then  form  a  dilute  stage  1  compound  keep¬ 
ing  almost  constant  the  average  interlayer  spacing. 

In  superdense  LiCn  phases  (n  <  6)  (see  Fig.  7  for  in-plane 
structure  illustration),  the  average  Li-Li  distance  in  a  Li2 

o  o 

pair  is  of  2.46  A,  much  lower  value  than  4.26  A  in  the  hexal 
structure  of  normal  stages  2  and  1  compounds  and  still  lower 

o 

than  that  in  bcc  lithium  of  3.04  A.  A  strong  Li-Li  repulsion 
is  taking  place  in  stage  1  superdense  phases  which  makes 
them  unstable,  a  reason  why  they  cannot  be  formed  by  elec¬ 
trochemical  intercalation  under  normal  pressure  and  temper¬ 
ature  conditions  [11-13].  Rather,  they  are  typically  obtained 
under  high  pressure/high  temperature  synthesis  conditions 
[14]  or  by  ball  milling  [15].  Stage  1  superdense  LiC2  decom¬ 
poses  to  intermediary  and  “kinetically”  more  stable  stage  1 
phases,  such  as  LF7C24  or  LinC24  [16].  The  ultimate  phase  of 
decomposition  is  LiC6.  All  superdense  phases  described  in 
the  literature  have  the  lithium  sub-lattice  commensurate  with 
that  of  graphite,  with  short  Li-Li  distances.  The  latter  are 
at  origin  of  metastability  as  the  electrostatic  Li-Li  repulsion 
becomes  dominant.  Should  superdense  stage  2  form  as  inter¬ 
mediary  phase  between  stages  2  and  1 ,  its  stabilization  may 
go  through  a  change  in  the  Li  in-plane  ordering.  This  may 
involve  a  non-commensurate  Li  sub-lattice  having  a  Li-Li 

o 

distance  lying  between  2.46  and  4.26  A  of  LiC2  and  LiC6, 
respectively.  More  work  is  necessary  to  confirm  the  forma¬ 
tion  of  superdense  stage  2  and  eventually  the  type  of  lithium 
in-plane  organization. 

The  vibrational  entropy  is  related  to  a  disorder  originated 
from  the  Li  vibrational  motion  about  the  equilibrium  position 
at  the  center  between  two  adjacent  carbon  hexagons.  Such  a 
motion  can  be  decomposed  in  two  terms:  a  vibration  along 
the  c-axis  and  a  vibration  within  the  medium  plane  between 
the  graphene  layers  [8].  Each  vibration  mode  can  be  defined 
by  its  Debye  temperature,  0±  and  On  for  movement  perpen¬ 
dicular  and  parallel  to  the  graphene  plane,  respectively.  The 
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Fig.  7.  In-plane  organization  of  the  LiC„  (n  <  6)  phases  including  some  superdense  phases. 


difference  of  vibrational  entropy  of  lithium  in  the  stages  from 
2  to  1 ,  compounds  can  be  approximated  in  this  Debye  model 
by  [17]: 

as*=fi(in(^)+2i"(fe))  ,9> 

where  1  and  2  indexes  refer  to  the  Debye  temperature  in  stages 
1  and  2,  respectively.  These  data  were  determined  by  inelas¬ 
tic  neutron- scattering  measurements  [18].  The  total  entropy 
variation  using  Eq.  (9)  is  in  the  order  of  about  2  J  (mol  K)-1 , 
which  accounts  for  10-15%  of  the  total  entropy  and  should 
not  be  neglected.  Note  that  the  Debye  approach  neglects  a 
large  part  of  the  phonon  spectrum,  and  therefore,  may  not 
account  for  the  total  vibrational  entropy. 

4.  Conclusion 

Independent  entropy  and  XRD  measurements  show 
anomaly  behaviors  at  the  stage  2  stage  1  phase  transi¬ 
tion.  We  found  converging  evidences  that  for  compositions 
between  0.5  <  v<  1  in  LixC6,  the  compound  is  not  consisting 
with  a  proportional  mixture  of  stages  2  and  1  as  Eq.  (2)  may 
suggest.  The  Li  composition  gradient  within  the  electrode 
thickness  may  in  part  explain  the  hysteresis  in  the  stages  2 
to  1  transition.  Our  results  are  also  consistent  with  the  for¬ 
mation  of  intermediary  phases,  such  as  superdense  stage  2 
and  Li  vacancy  containing  stage  1 .  These  phases  may  act  as 
the  nucleation  steps  in  the  phase  transition.  The  occurrence 
of  fractionary  stages  could  also  account  for  increased  con¬ 
figurational  entropy  at  transition.  We  also  showed  that  the 


crystallographic  paths  may  be  different  during  the  transition 
one  way  the  other  which  may  involve  intermediary  states  with 
very  close  total  energy. 

We  are  currently  undertaking  first-principle  calculations 
on  the  LixC6  system  in  order  to  explore  the  energy  favored 
paths  during  the  stages  2  to  1  transition  and  determine  the 
corresponding  thermodynamic  state  functions  [19]. 
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